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The Kondo effect and the Fano-Kondo effect are important phenomena that have been observed in
quantum dots (QDs). We theoretically investigate the transport properties of a coupled QD system
in order to study the possibility of detecting a qubit state from the modulation of the conductance
peak in the Kondo effect and the dip in the Fano-Kondo effect. We show that the peak and dip of
the conductance are both shifted depending on the qubit state. In particular, we find that we can
estimate the optimal point and tunneling coupling between the |0〉 and |1〉 states of the qubit by
measuring the shift of the positions of the conductance peak and dip, as functions of the applied
gate voltage on the qubit and the distance between the qubit and the detector.
PACS numbers: 03.67.Lx, 03.67.Mn, 73.21.La
I. INTRODUCTION
Nanodevices allow the observation of interesting quan-
tum interference effects. The Kondo effect and the Fano-
Kondo effect are observed in coupled systems with dis-
crete energy-levels and a continuum of states, e.g., when
a quantum dot (QD) is tunnel-coupled to leads. The
Kondo effect in a QD appears as a zero-bias peak in the
conductance because of the spin singlet formation be-
tween a localized spin and the reservoirs1, while in the
Fano-Kondo effect, an asymmetric line shape is observed
in the density of states (DOS) and the conductance be-
cause of interferences in the hybrid electron states in the
dot-electrode system2.
In a Kondo system, such as a QD connected to two
electrodes, the conductance has a sharp peak, known as
the Kondo peak3–9; while in Fano-Kondo systems, such
as T-shaped QDs, the conductance has a sharp dip (Fano-
Kondo dip) structure10–16, both of these as a function of
the energy level of the QDs. The peak and dip structures
appear when the energy-level is close to the Fermi level
of the reservoirs.
Here we investigate the Kondo effect and the Fano-
Kondo effect using them as detectors of a capacitively-
coupled two-level system, a charge qubit17. We use
Fig. 1(a) as a set-up for the Kondo effect and Fig. 1(b) to
study the Fano-Kondo effect. Each grey ellipse in Fig. 1
represents a QD. The source “S”, drain “D”, and QD “d”
are the “linear-shaped” detector in the Kondo geometry
shown in Fig. 1(a). The T-shaped detector in Fig. 1(b)
has a trap site “c” and a proper QD “d”. We define the
|0〉 state of the charge qubit when the excess charge is lo-
calized in the QD “a”, and the |1〉 state when the excess
charge is localized in the QD “b”. Using the notation in
Fig. 1, due to the Coulomb interaction Vq between the
charge qubit and the detectors, the energy level of the
QD “d” is shifted for the Kondo detector, and that of
the QD “c” is shifted for the Fano-Kondo detector.
The basic idea is the following: the Kondo peak and
the Fano-Kondo dip will be affected by the charge state
of the charge qubit because of the capacitive coupling be-
tween the charge qubit and the detectors. Therefore, it
is expected that, by analyzing the change of the Kondo
peak and the Fano-Kondo dip in the conductance, the
charge qubit state can be inferred. In our model, the
capacitive coupling is the same as those of the conven-
tional quantum point contact (QPC)18,19, and the single
electron transistor (SET)20,21. In the standard QPC or
SET system, only the position of the excess charge in the
qubit (|0〉 or |1〉) is detected. What’s new here is that,
by analyzing the peak position of the conductance peak
and dip, we can also estimate the tunneling coupling Ω
between the |0〉 and |1〉 states of the charge qubit. We
will also show that the shifts of the conductance peak
and dip are largest when the energy gap between the two
qubit eigenstates is smallest. At this point, we will show
that the Fano factor is smallest and we call this point
the optimal point, where in general charge-noise-induced
dephasing is minimized19,22,23.
The standard method to detect the position of the ex-
cess charge in a charge qubit is by measuring the con-
ductance of a single-electron transistor near a Coulomb
blockade peak. This standard method is considered to
be more robust than our method, because, in general,
measurements of the Kondo and Fano-Kondo effects are
more difficult than the measurement of a Coulomb block-
ade. In this respect, our method has a supplementary
relationship to the standard method. In the Kondo and
Fano-Kondo regime, which emerge as a result of correla-
tion between the localized spin and the Fermi sea, charge
degrees of freedom are not perfectly frozen. Therefore,
in the conventional Kondo or Fano-Kondo regime, the
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FIG. 1: Two types of charge qubit (two-level system) de-
tectors. (a) The charge qubit detected by the Kondo effect.
(b) The charge qubit detected by the Fano-Kondo effect. Note
that the charge qubit “a–b” is composed of two QDs (“a” and
“b”). The tunneling coupling between QD “a” and “b” is Ω.
The charge qubit is coupled to the detector part by the capac-
itive coupling energy Vq. The detecting QDs “d” are coupled
to the source “S” and the drain “D”. The linear-shaped “S-
d-“D” detector for the Kondo system in (a) is replaced by a
T-shaped detector for the Fano-Kondo system in (b). In (b),
the on-site Coulomb repulsion for the trap QD “c” is strong.
For the QD “d”, the on-site Coulomb repulsion is strong for
the Kondo detector in (a) and weak for (b).
charge and spin degrees of freedom are not separated,
in contrast to the pure one-dimensional Luttinger liquid
that shows spin charge separation24. This means that
electrons in the QDs of the Kondo regime behave differ-
ently than those of the non-Kondo regime, as a result of
the correlation between the charge and spin degrees of
freedom. It is considered that our setups provides the
information about the system by the linking between the
spin and charge degree of freedom of the QDs.
It is well-known that there are many two-level systems
in various materials25,26 and our method should be able
to detect those two-level systems or, in general, any sys-
tems that have two charged states. In addition, two-
level systems based on QDs are also widely used in spin
qubits27,28. Thus, this method has a wide variety of po-
tential applications for nanosystems.
For simplicity, and without loss of generality, we as-
sume that all QDs have a single energy level and that
there is a strong on-site Coulomb interaction in the QD
“d” of the Kondo detector, and the QD “c” of the Fano-
Kondo detector, but not for the QD “d” of the Fano-
Kondo detector. If there is a strong on-site Coulomb
interaction in the QD “d” of the Fano-Kondo detector,
the Fano resonance becomes complicated29. We use a
slave-boson mean-field theory (SBMFT)10,29–31 with the
help of nonequilibrium Keldysh Green functions to cal-
culate the conductance of the detectors. Moreover, we
assume that the interactions between the qubit and the
detectors are weak and can be decoupled into the mean-
field parameters of the SBMFT. An estimate of the ef-
fect produced by the charge fluctuations would be de-
sirable. However, in the SBMFT, charge fluctuations are
neglected32. This is a limitation of the SBMFT approach.
We consider as following: In the Kondo linear detector
and the T-shaped QD detector setups, the SBMFT ap-
proach is widely used as an appropriate method to de-
scribe the system10,11,32. Because our setups (Fig. 1) are
based on the Kondo linear detector and T-shaped QD
detector, as long as the coupling between the qubit and
the detector is weak, the application of the SBMFT to
our setups is a suitable starting point to treat the com-
plicated electronic structure of these QD systems.
The rest of the paper is organized as follows. In sec-
tion II, we formulate the slave-boson mean-field method
to calculate the conductance of the Kondo and the Fano-
Kondo detectors. In section III, we show numerical re-
sults regarding the shifts of the conductance peak and
dip. In section IV, we use a perturbation theory to es-
timate the validity of the decoupling approximation be-
tween the qubit and the detectors. Sections V presents
discussions and conclusions. In the Appendix A, we sum-
marize the derivation of the coupling constant Vq from a
network capacitance model.
II. FORMULATION
A. Hamiltonian
As shown in Fig. 1, we study the detection of the state
of a charge qubit via either the Kondo or Fano-Kondo
effects in the detector. The total qubit-detector Hamil-
tonian has three terms H = Hdet+Hq+Hint, where Hdet
describes the detector, Hq the charge qubit, and Hint the
interaction between the charge qubit and the detector.
Here Hq is written as
Hq = Ω(d
†
adb + d
†
bda) + εq(d
†
ada − d
†
bdb). (1)
da and db are electron annihilation operators of the upper
QD “a” and the lower QD “b” in the charge qubit, respec-
tively. Experimentally, εq can be controlled by the gate
electrode attached to the QD “a” (not shown in Fig. 1).
Thus, we call εq qubit bias. The detector Hamiltonian
Hdet is composed of an electrode partHSD and a QD part
HQD. Because we assume that there are strong on-site
Coulomb interactions in the QD “d” of the Kondo detec-
tor and the QD “c” of the Fano-Kondo detector making
double occupation of these dots impossible, we introduce
a slave boson operator bd for the Kondo detector and a
slave boson operator bc for the Fano-Kondo detector
29,31.
The Kondo (K) detector Hamiltonian is
H
(K)
det = HSD +H
(K)
QD , (2)
and the Fano-Kondo (F) detector Hamiltonian is
H
(F)
det = HSD +H
(F)
QD, (3)
3where
HSD =
∑
α=L,R
∑
kα,s
{εkαc
†
kαs
ckαs + Vα(c
†
kαs
fds + f
†
dsckαs)},(4)
H
(K)
QD =
∑
s
εdf
†
dsfds + λd
[∑
s
f †dsfds + b
†
dbd − 1
]
, (5)
H
(F)
QD =
∑
α1=c,d
∑
s
εα1f
†
α1s
fα1s + λc
[∑
s
f †csfcs + b
†
cbc − 1
]
+ td
∑
s
(f †dsb
†
cfcs + f
†
csbcfds). (6)
Here εkα is the energy level for the source (α = L) and
drain (α = R) electrodes; εc and εd are energy levels for
the two QDs, respectively; td and Vα are the tunneling
coupling strengths between the trap QD “c” and the de-
tecting QD “d”, and that between QD “d” and the elec-
trodes, respectively; ckαs and fα1s are annihilation opera-
tors of the electrodes, and of the QDs (α1 = c, d), respec-
tively; s is the spin degree of freedom with spin degener-
acy 2; λα1 is a Lagrange multiplier. In the mean field the-
ory, slave boson operators are treated as classical values
such as bα1 → 〈bα1〉. We take 〈bα1〉 and ε˜α1 ≡ εα1 + λα1
as mean-field parameters that are obtained numerically
by solving self-consistent equations. The Kondo tem-
perature is estimated as T
(K)
K ∼
√
ε˜d
2 + γ2z2c for the
Kondo detector31, and T
(F)
K ∼
√
ε˜c
2 + t2dz
2
d for the Fano-
Kondo detector10, where zα1 ≡ 〈b
†
α1
〉〈bα1〉. In the nu-
merical calculations shown below, we take a temperature
of T = 0.02td < T
(K)
K , T
(F)
K .
The interaction Hamiltonian Hint is derived from a
capacitance network model as shown in the Appendix
A33,34
Hint = Vqzα1 σ
znα1 , (α1 = c, d) (7)
where nc and nd are the numbers of electrons in the
trap QD “c”, given by nc =
∑
s f
†
csfcs for the Fano-
Kondo case, and in the detecting QD “d” is given by
nd =
∑
s f
†
dsfds for the Kondo case. Also, σ
z is given by
σz = d
†
ada − d
†
bdb. As shown by Eq. (A11) in the Ap-
pendix A, Vq ∝ 1/dD where dD is the distance between
the charge qubit and the detecting QD.
We assume that the interaction between the charge
qubit and the detector is weak and the decoupling ap-
proximation35 to the interaction Hamiltonian Eq. (7) can
be applied. In the decoupling approximation used here,
the electric field which the qubit senses is almost con-
stant and we can thus decouple the interaction between
the qubit and the detector. The decoupling of the inter-
action term Hint leads to
HMFint ≡ Vqzα1 {〈σ
z〉nα1 + σ
z〈nα1〉 − 〈σ
z〉〈nα1 〉}
= Vqzα1
{
(χqa − χqb)nα1+ [σ
z− (χqa − χqb)]
∑
s
χα1s
}
,
(8)
where α1 = c, d, χqs ≡ 〈d
†
sds〉, and χα1s ≡ 〈f
†
α1s
fα1s〉,
with α1 = c, d. In this decoupling approximation, εc, εd,
and εq are replaced by
εα1 → ε
′
α1
≡ εα1 + λα1 + Vqzα1 [χqa − χqb], (9)
εq → ε
′
q ≡ εq + Vqzα1
∑
s
χα1s. (10)
B. Green functions
Charge qubit detection in our system is carried out
by the measurement of the current of the detector. The
current through each detector is calculated using the non-
equilibrium Green functions as3,29
J =
ie
h¯
∑
kL,s
[V ∗L 〈c
†
kLsfds〉 − VL〈f
†
dsckLs〉]
=
2e
h¯
∑
kL,s
Re
[
V ∗LG
<
dk(t, t)
]
=
2e
h¯
Re
∑
kL,s
∫
dω
[
V ∗LG
<
dk(ω)
]
, (11)
where G<dk(t, t) ≡ 〈c
†
kLs(t)fds(t)〉, and
G<dk(ω) = VL[g
r
kL(ω)G
<
dd(ω) + g
<
kL(ω)G
a
dd(ω)], (12)
with grkL(ω) ≡ (ω − εkL + iδ)
−1 (δ is an infinitesi-
mal quantity) and g<kL(ω) ≡ 2πδ(ω − εkL)fL(ω). Here
fL(ω) ≡ {exp[(ω + eVbias − EF )/(kBT )] + 1}
−1 and
fR(ω) ≡ {exp[(ω − EF )/(kBT )] + 1}
−1 are the Fermi
distribution functions of the electrodes when there is a
finite bias voltage Vbias between the two electrodes (kB
is the Boltzmann constant).
Let us first consider the Green function formulation for
the Fano-Kondo system. With the decoupling given in
Eq. (8), the Green functions remain the same as those
without interactions between the charge qubit and the
detector, by changing the replacements Eq. (10). Us-
ing the equation of motion method, the advanced Green
function Ga for the detecting QD “d” of the Fano-Kondo
detector is obtained as
G
(F)a
dd =
ω − ε′c − iδ
(ω − εd − iγ)(ω − ε′c − iδ)− |t˜d|
2
, (13)
where t˜d = td〈bc〉. The G
(F)<
dd (t) ≡ −i〈f
†
d(t)fd(t)〉 can
then be calculated from G<dd = G
r
ddΣ
<
ddG
a
dd with
Σ<dd(ω) = i[ΓLfL(ω) + ΓRfR(ω)], (14)
where Γα ≡ 2πρα(EF )|Vα|
2 is the tunneling rate between
the α electrode (α = L,R) and the detecting QD “d”,
with a density of states (DOS) ρα(EF ) for each electrode
at the Fermi energy EF . Thus
G
(F)<
dd =
iχ(ω)
C00
(ω − ε′c)
2, (15)
4where
χ(ω) ≡ ΓLfL(ω) + ΓRfR(ω), (16)
C00 ≡ [(ω − ε
′
c)(ω − εd)− |t˜d|
2]2 + γ2(ω − ε′c)
2.(17)
Similarly, we find
G
(F)<
cd (ω) =
iχ(ω)(ω − ε′c)
C00
, (18)
G(F)<cc (ω) =
iχ(ω)|t˜d|
2
C00
, (19)
with γ = (ΓL+ΓR)/2. We also define Γ ≡ 2ΓLΓR/(ΓL+
ΓR). For simplicity, we assume ΓL = ΓR.
For the Kondo linear detector shown in Fig. 1(a), the
Green functions are similarly obtained by using the equa-
tion of motion method
G
(K)<
dd =
izdχ(ω)
(ω − ε′d)
2 + γ2z2d
, (20)
G
(K)a
dd =
1
ω − ε′d − iγzd
. (21)
The charge qubit Green functions are expressed as
Gaa(ω) =
ω + ε′q
(ω −∆)(ω +∆)
, (22)
Gbb(ω) =
ω − ε′q
(ω −∆)(ω +∆)
, (23)
Gab(ω) = Gba(ω) =
Ω
ω2 − ε′2q − Ω
. (24)
where ∆ ≡
√
ε′2q +Ω
2.
Thus, the current for the Fano-Kondo detector can be
expressed as
J =
e
h¯
∫
dω
π
z2dΓLΓR(ω − ε
′
c)
2
C00
[fL(ω)− fR(ω)] , (25)
and the current for the Kondo detector is given by
J =
e
h¯
∫
dω
π
z2dΓLΓR
(ω − ε′d)
2 + γ2z2d
[fL(ω)− fR(ω)] . (26)
In Sec. III, we show numerical results of conductance
G ≡ dJ/dVbias at Vbias = 0, and discuss the transport
properties of the two detector.
C. Self-consistent equations
The detector current is calculated self-consistently:
while the qubit state influences the detector QD en-
ergy level and thus the current through it, the qubit
state itself is also affected by the detector QD occupa-
tion through capacitive coupling, as described by Eq. (8).
Here we derive the self-consistent equations. The DOS
of qubits are derived from the qubit Green function
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FIG. 2: (Color online) Density of states (DOS) of the detect-
ing QD “d” for (a) the Kondo detector and (b) the Fano-
Kondo detector, using Ω/td = 1, Vq/td = 0.5, εq/td = −0.05,
and T/td = 0.02.
ρl = −
1
pi
ImGll(ω + iδ) (l = a, b). Then, the average
electron occupancy χql of the two QDs of the qubit is
expressed by
χql =
∫ D
−D
dωf(ω)ρl(ω) =
1
2
(
1 + pl
ε′q
∆
tanh
β∆
2
)
, (27)
where pa = 1, pb = −1, and f(ω) ≡ {exp[(ω −
EF )/(kBT )] + 1}
−1. Using Eq. (10), we have the self-
5consistent equations for the Fano-Kondo case:
ε′c = εc + λc + Vqzc
ε′q
∆
tanh
β∆
2
, (28)
ε′q = εq + Vqzc[1− zc], (29)∫
dω
π
(ω − ε′c)|td|
2
C00
χ(ω) + λc +
∂ε′c
∂zc
= 0, (30)∫
dω
π
zc|td|
2
C00
χ(ω) + zc − 1 = 0, (31)
where zc = |〈bc〉|
2 and β−1 = kBT . From Eq. (29), we
can see that the energy shift ε′q − εq of the charge qubit
is related to the electron occupancy 1 − zc = 1 − |〈bc〉|
2
of the trap site “c”, and its magnitude is proportional to
the coupling strength Vq. In particular, the qubit energy
shifts as a function of Vq due to back-action.
For the Kondo detector interacting with the charge
qubit, the self-consistent equations are
ε′d = εd + λd + Vqzd
ε′q
∆
tanh
β∆
2
, (32)
ε′q = εq + Vqzd[1− zd], (33)∫
dω
π
(ω − ε′d)
(ω − ε′d)
2 + γ2z2d
χ(ω) + λd +
∂ε′d
∂zd
= 0, (34)∫
dω
π
zd
(ω − ε′d)
2 + γ2z2d
χ(ω) + zd − 1 = 0. (35)
III. NUMERICAL RESULTS
Here we show numerical results focusing on the shift of
the conductance peak in the Kondo effect and the shift of
the conductance dip of the Fano-Kondo effect. Although
td appears only in the Fano-Kondo detector, we measure
all energies in units of td, to better compare the Kondo
detector with the Fano-Kondo detector. For the Fano-
Kondo detector, when Γ ≫ td, the electron tunneling
between the QD “c” and the QD “d” cannot be easily
observed because the current flow to and from the two
electrodes is too fast, so that it drowns out the effects of
the electron tunneling between QDs “c” an “d”. Thus,
as shown in Ref. 29, we use the QD-electrode tunneling
rate Γ to characterize the detection speed. Specifically,
we denote the case of Γ/td = 2 as a fast detector, and
Γ/td = 0.04 as a slow detector
A. Conductance
Figure 2 shows numerical results of the DOS of the de-
tecting QDs “d”. The DOS ρdet(ω) of the detector QD
is derived from ρdet(ω) ≡ −ImG
r
dd(ω)/π. For the Kondo
case in (a) there is a single peak, and for the Fano-Kondo
case in (b) we can see the Fano asymmetric line shape.
Figure 3 shows the conductance of the Kondo detector
[(a) and (c)] and the Fano-Kondo detector [(b) and (d)],
as a function of the detector QD energy levels εd of the
Kondo detector [(a) and (c)] and εc the Fano-Kondo de-
tector [(b) and (d)], respectively. We can see clear peaks
for the Kondo detector [(a) and (c)], and clear dips for
the Fano-Kondo detector [(b) and (d)], as in Ref. 3–16.
These peaks and dips are maximized when the coher-
ence between the discrete energy state and the continuum
states is largest, we thus denote corresponding energies
ε
(peak)
d and ε
(dip)
c as coherent extrema. For the Kondo
detector, because of Eq. (21), as the detector speed Γ
increases, the width of the peak also increases. However,
for the Fano-Kondo detector, because of Eq. (13), as the
detector speed increases, the width of the dip decreases.
For both detectors, the shifts of the conductance peaks
and dips are observed, when εq is changed. Below we
investigate the shift of the coherent extrema ε
(peak)
d and
ε
(dip)
c in more detail.
Figure 4 plots the coherent extrema ε
(peak)
d and ε
(dip)
c ,
as a function of the qubit bias εq [Eq. (1)]. As the qubit
bias εq increases, the distribution of the excess charge
in the qubit approaches to the detector QDs, resulting
in raising the energy of QD “d” of the Kondo detector
and that of QD “c” of the Fano-Kondo detector. Finally,
the increase of the QD energies are saturated because of
the balance of the charge distribution. Figure 4 reflects
this fact and shows that ε
(peak)
d and ε
(dip)
c increase as εq
increase.
Because zα1 = 0 (α1 = c, d) is satisfied at the coherent
extrema, we have the relation ε′q = εq from Eq. (29) and
Eq. (33). Then, it can be observed that the minimum
of ε
(peak)
d and ε
(dip)
c exist around the ε′q ∼ 0 region in
Fig. 4. At ε′q ∼ 0, the energy splitting
√
Ω2 + ε′2q between
the two eigenenergies of the qubit is smallest, and the
qubit energy splitting is a quadratic function of the qubit
bias. Thus, qubit state is insensitive to charge noises that
lead to qubit dephasing, and this zero bias point corre-
sponds to an optimal point, in analogy to other similar
cases19,22,23.
The third terms of Eq. (28) and Eq. (32) decrease
ε
(peak)
d and ε
(dip)
c when ε′q < 0 and increases them when
ε′q > 0 (β∆ ≫ 1), resulting in the minimum structure
of Fig. 4 at the optimal point ε′q = 0. In addition, be-
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FIG. 3: (Color online) Numerical results for the conductance G (in units of e/h) for detectors as a function of the QD energies
(εd for the detecting QD “d” of the Kondo detector, and εc for the charge trap “c” of the Fano-Kondo detector) for Ω/td = 1,
Vq/td = 0.5 and temperature T/td = 0.02. (a) Fast Kondo detector :Γ/td = 2. (b) Fast Fano-Kondo detector :Γ/td = 2. (c)
Slow Kondo detector :Γ/td = 0.4. (d) Slow Fano-Kondo detector :Γ/td = 0.4. The peak positions for the Kondo detector and
the dip positions for the Fano-Kondo effect are shifted by the qubit bias εq.
cause the third terms of Eq. (28) and Eq. (32) become
larger as Ω becomes smaller, Fig. 4 (a,b) are considered
to show clearer minimum structures than Fig. 4 (c,d).
We can also observe that the magnitude of the minimum
is proportional to the coupling strength Vq. This is also
the reason that the minimum in Fig. 4 are caused by the
third terms of Eq. (28) and Eq. (32). From Eq. (28) and
Eq. (32), at the optimal point (ε′q = 0, thus, ∆ = Ω) of
the coherent extrema, we obtain
dεα1
dεq
≈
dλα1
dεq
. (36)
(α1 = c, d). The peaks of Fig. 4 correspond to
dεα1/dεq = 0 and Eq. (36) shows that dλα1/dεq = 0
at the minimum values of the coherent extrema.
As mentioned above, the ε
(peak)
d and ε
(dip)
c increase
when εq increases, and they are finally saturated after
they have their minimum regarding the optimal points.
Thus, their derivatives, dε
(peak)
d /dεq and dε
(dip)
c /dεq, are
considered to have their maximum values around the
middle points between the minimum of the optimal
points and the small εq region. Figure 5 plots the maxi-
mum values of dε
(peak)
d /dεq and dε
(dip)
c /dεq as a function
of the qubit-detector coupling Vq. It can be seen that:
(i) the maximum values of dε
(peak)
d /dεq and dε
(dip)
c /dεq
do not depend on the speed Γ of the detectors, and (ii)
there is a relationship between the peaks and Vq/Ω such
as
Max
dε
(peak)
d
dεq
∝
Vq
Ω
, (37)
Max
dε
(dip)
c
dεq
∝
Vq
Ω
, (38)
when Ω/td > 1. These weak dependences of the maxi-
mum values on the speed Γ of the detectors are consid-
ered to be because of the sharp response of the Kondo
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FIG. 5: (Color online) Maximum values of dε
(peak)
d /dεq and dε
(dip)
c /dεq plotted as a function of the qubit-detector coupling Vq
for both fast (Γ/td = 2) and slow (Γ/td = 0.4) detectors for (a) the Kondo and (b) the Fano-Kondo detectors. It can be seen
that the maximum values do not vary with the speed Γ of the detectors. It can also be seen that dε
(peak)
d /dεq ∝ Vq/Ω and
dε
(dip)
c /dεq ∝ Vq/Ω.
8and Fano-Kondo effects at their coherent extrema. Be-
cause all quantities are numerically derived from the self-
consistent equations, Eq. (37) and Eq. (38) cannot be
derived analytically, and these results are obtained nu-
merically. In principle, Vq can be calculated from the
structure of the system by using the capacitance net-
work model, as shown in the Appendix A. Thus, in ex-
periments, if we can prepare several samples with the
different distances between the detector and the qubit,
we can estimate the tunneling coupling Ω for the charge
qubit by using the relations Eq. (37) and Eq. (38).
Therefore, Fig. 4 and 5 indicate that by finding the
minimum of ε
(peak)
d and ε
(dip)
c , we can find the optimal
point (ε′q = 0) of the qubit, and by analyzing the coef-
ficients of dε
(peak)
d /dεq and dε
(dip)
c /dεq as a function of
Vq, we can infer the tunneling coupling Ω for the charge
qubit.
Here, we check whether the temperature T = 0.002td
is below TK ∼
√
ǫ˜2α + t
2
αz
2
α or not. In our calculations,
ǫ˜α ∼ ǫα (α = c, d). As can be seen from Fig. 3, Kondo
peaks and Fano dips are observed for |ǫα| > 0.5. In
addition, when there are no Kondo peaks or Fano dips,
zα ∼ 1. Thus, in both the Kondo region and the non-
Kondo region, TK > T = 0.002td is always held.
B. Back-action
As we have seen, both the Kondo detector and the
Fano-Kondo detector have similar capabilities to detect
the tunneling Ω and the qubit bias ε′q. Here we consider
the effect of measurement (back-action on the qubit)
and the noise characteristics of the two types of detec-
tors. Figure 6(a,b) show how ε′q is affected by the de-
tectors. The change of qubit energies clearly depends on
the coherent extrema of the Kondo peak and the Fano-
Kondo dip. Although figures are not shown, the changes
of ε′q for Γ/td = 2 of the Kondo detector and that for
Γ/td = 0.4 of the Fano-Kondo detector are larger than
those in Fig. 6(a,b), respectively. Thus the slow Kondo
detector and the fast Fano-Kondo detector are better
from the viewpoint of back-action.
The ratio of the shot noise SI and the full Poisson noise
2eI, F ≡ SI/(2eI), is called the Fano factor. It indicates
important noise properties with regard to the quantum
correlations8. Smaller F is better because smaller F
means less noise of the detection. Similarly to the re-
sult of Ref. 36, the Fano factor F at zero bias and zero
temperature is given by 1 − T (EF ), where T (EF ) is a
transmission probability expressed by
T (ω) ≡
2ΓLΓR
ΓL + ΓR
πρdet(ω). (39)
(ρdet(ω) is the DOS of the detector QD, as mentioned
above). This means that the larger T (ω) is better from
the viewpoint of the noise reduction. As can be inferred
from Fig. 3(a,c), T (ω) for Γ/td = 2 of the Kondo detector
is larger than that of Γ/td = 0.4 of the Kondo detector.
This means that, in the case of the Kondo detector, F for
Γ/td = 2 is smaller than that for Γ/td = 0.4 (Fig. 6(c)).
Similarly, in the Fano-Kondo detector, F for Γ/td = 0.4 is
smaller that that for Γ/td = 2 (Fig. 6(d)). Thus, the fast
Kondo detector and the slow Fano-Kondo detector are
better from viewpoint of the noise reduction. Therefore,
the magnitude of the back-action and the efficiency of
the detector have a tradeoff relationship. More advanced
analysis such as Ref. 37 should be considered as a future
problem.
IV. PERTURBATION THEORY
A crucial assumption that allows our calculations men-
tioned above to proceed is the decoupling approximation
as stated in Eq. (8). Here we investigate the validity of
this approximation by using a simple model in which the
charge qubit is capacitively coupled to a QD connected to
a Fermi sea. In Ref. 38, Γ is related to the measurement
speed of the system. Here we use Γ−1, the tunneling time
between the central QD and the leads, to represent the
time scale of the detector and its temporal sensitivity.
The perturbation Hamiltonian is
H1 ≡ Hint −H
MF
int = Vq
{
σznα1 − (χqa − χqb)nα1
−
(∑
s
χα1s
)
σz + (χqa − χqb)
∑
s
χα1s
}
, (40)
where α1 = c, d. Because the qubit Hamiltonian Eq. (1)
includes σx and σz , H1 can flip the qubit state between
|0〉 and |1〉. We apply the golden rule and calculate the
transition probability starting from the initial qubit state
|0〉. The transition probability P (∆) is given by
P (∆) =
1
h¯2
∑
i
ρi
∫ ∞
−∞
dt 〈i|H†1(t)H1(0)|i〉
=
V 2q
h¯2
∫ ∞
−∞
dt
∑
i
ρi 〈i|nα1(t)nα1(0)|i〉 e
i∆t, (41)
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where i labels the eigenstates of the environment (elec-
trodes), and ρi = exp (−βεi/Z0), with an equilibrium
environment partition function Z0. At zero temperature,
we can decouple 〈i|nα1(t)nα1 (0)|i〉 into 〈f
†
α1
(t)fα1(0)〉
and 〈fα1(t)f
†
α1
(0)〉 using the Bloch-De Dominicis theo-
rem39. For the Fano-Kondo case,
〈f †c (t)fc(0)〉 = |t˜d|
2
∫
dω
2π
χ(ω)
C00
eiωt, (42)
〈fc(t)f
†
c (0)〉 = |t˜d|
2
∫
dω
2π
ν(ω)
C00
e−iωt, (43)
where ν(ω) ≡
∑
α=L,R Γα[1 − fα(ω)]. Defining the life-
time of the mean-field approximation by 1/τ ≡ P (∆), as
discussed in Ref. 40, we obtain, for ∆≪ γ
1
τ
≈
16 Γ2 V 2q ∆
t4dz
2
c
, (44)
and for ∆≫ γ
1
τ
≈
4Γ2 V 2q t
4
d z
2
c
(a+ − a−)∆5
log
∣∣∣∣a−a+
∣∣∣∣ , (45)
where
a± ≡
1
2
(
−γ2 + t2dzc ±
√
γ2(γ2 − 2t2dzc)
)
. (46)
For the Kondo case, we obtain for ∆≪ γ
1
τ
≈
V 2q ∆
γ2z2d
, (47)
and for ∆≫ γ
1
τ
≈
8Γ2 V 2q z
2
d
∆3
log
(
∆
γzd
)
. (48)
We estimate this lifetime for the case of ∆ ≪ γ by
referring to the experimental values in Ref. 14. The
intrinsic measurement time tm can be estimated from
tm ≈ h¯/Γ. When using td = 0.5 meV, Γ = γ = 0.2 meV,
Vq = 0.01 meV, and ∆ = 0.01 meV, we obtain τ ∼ 64 ns
for the Fano-Kondo case, and we obtain τ ∼ 26 ns for
the Kondo case. Then, tm ≈ h¯/Γ ∼ 0.0033 ps and
tm ≪ τ is held. Thus, in this region, the decoupling
approximation is valid. The fast detector has longer life-
time for the Kondo case. When using td = 0.5 meV,
Γ = γ = 1 meV, Vq = 0.01 meV, and ∆ = 0.01 meV, we
obtain τ ∼ 0.65 µs for the Kondo detector.
V. DISCUSSIONS AND COCLUSIONS
We have shown that by measuring the shifts of the
Kondo resonance peak and the Fano-Kondo dip in the
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conductance, we can estimate the optimal point and the
tunneling strength Ω between two states of a charge
qubit. In general, it is believed that charged two-level
systems are susceptible to phonons. In Ref. 41, the re-
sult of the spin-boson model showed that the degradation
of the coherence by phonons is smaller than expected.
Ref. 42,43 also argued that the effect of phonons is not
so large. In addition, because we use the coherent ex-
trema, the effect of phonons is expected to be smaller
than other energy scales.
We have studied the Kondo and the Fano-Kondo ef-
fects in QD system from viewpoint of the detectors of
a capacitively coupled charge qubit. We have used the
slave-boson mean field theory and the decoupling approx-
imation to describe the quantum interference of the sys-
tem. In particular, we have investigated the modulation
of the conductance peak and dip by the charge qubit.
We found that, by measuring the shifts of the positions
of the conductance peak and dip as a function of the ap-
plied gate voltage on the charge qubit (qubit bias), we
can estimate the optimal point. In addition, we showed
that, by analyzing the derivatives of the shifts of the peak
and dip as the function of the qubit bias, we can infer
the tunneling strength between the states |0〉 and |1〉 of
the charge qubit. These characteristics are the results of
the resonant behavior of the Kondo and the Fano-Kondo
effects, and a new aspect of the application of these im-
portant quantum interference effects.
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Appendix A: Qubit-detector interaction
Here we derive the formula of the capacitive interac-
tion Eq. (7) between a charge qubit and a detector QD,
applying the capacitance network model to the system
shown in Fig. 7. When charges stored in each capaci-
tance are expressed as in Fig. 7, the charging energy of
this system is expressed by33
U =
q2A
2CA
+
q2B
2CB
+
q2C
2CC
+
q2D
2CD
+
q2E
2CE
+
q2T
2CT
− qAVG + qTVsub + qCVsub . (A1)
The numbers of electrons in the two QDs of the qubit
and the detector QD site are described by the operators
Nˆα, Nˆβ and nˆd, respectively, such as
Nˆα ≡ (−qA + qB + qE)/e, (A2)
Nˆβ ≡ (−qB + qC + qD)/e, (A3)
nˆd ≡ (−qE + qD + qT )/e. (A4)
The charge distribution is determined by minimizing this
charging energy. When we define σz ≡ Nˆα − Nˆβ under
the condition Nˆα + Nˆβ = 1, as in Ref. 41 , we have
Uˆ =
Ct
4Dz
{
(Θβ −Θα)σz .+ 2(CαCβ − C
2
B)(nˆd − nd0)
2
+2(Cp + Cmσz)(nˆd − nd0)
}
+ const. , (A5)
where Cα ≡ CA + CB + CE , Cβ ≡ CB + CC + CD,
Ct ≡ CD + CE + CT , and nd0 ≡ CwVsub with
Θα ≡ CαCt − C
2
E , Θβ = CβCt − C
2
D, (A6)
Dz ≡ ΘαΘβ − (CDCE + CBCt)
2, (A7)
Cp ≡ −(Cα + Cβ)CD − 2CβCE (A8)
Cm ≡ CαCD − CβCE + CB(CE − CD). (A9)
Thus, we can obtain the coupling Vq between the
charge qubit and the detector as
Vq =
CtCm
2Dz
. (A10)
When the detector is distant from the qubit, we can ap-
proximate CE = 0 and CC ∼= CA, and then we obtain
Vq ∼=
eCD
CT (2CB + CA)
∝
1
dD
. (A11)
When we can simply approximate the capacitance CD ≈
εSD/dD (ε is the dielectric constant, SD is the effective
area of the QD, and dD is the distance between the qubit
and the detector QD), we can see that the coupling con-
stant is proportional to the inverse of the distance be-
tween the qubit and the detector QD, similar to pure
Coulomb interaction.
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